The c-Jun N-terminal kinase (JNK)/stress-activated protein kinase (SAPK) signaling cascade is critical for cells to transmit extracellular stimuli into the nucleus, thereby leading to appropriate cellular responses such as proliferation, differentiation, and apoptosis (16, 28, 62) . JNK is activated by numerous extracellular stimuli, including mitogens, epidermal and transforming growth factors (EGF and TGF) (29, 60) , inflammatory cytokines (tumor necrosis factor alpha and interleukin-1 [IL-1]) (30, 47) , and environmental stresses (osmotic shock, UV and gamma irradiation) (6, 9, 14) . However, most of the signaling pathways that link extracellular stimuli to JNK have not been fully characterized. Identification of the upstream regulators of JNK and delineation of the link between extracellular stimuli and JNK via these upstream regulators are necessary to define the entire JNK signaling cascade.
Previous works have identified a number of upstream activators of JNK. MKK4, also known as SEK1/JNKK1, was the first kinase identified as an immediate upstream activator of JNK (10, 20, 40) , and recently another immediate upstream activator of JNK was cloned and designated as MKK7/JNKK2 (57, 63, 64) . MKK4 is a direct target of MEKK1, a member of the MAP kinase kinase kinases (MAPKKKs) (20, 40) . Other members of the MAPKKK family with the ability to activate JNK include TGF-␤-activated kinase 1 (TAK1), tumor progression locus-2 (Tpl-2), and mixed lineage kinase-3 (MLK-3) (39, 56, 60) . Furthermore, several Ste20-related protein kinases which activate JNK through MEKK1 or other MAPKKKs have been identified as MAPKKKKs, including germinal center kinase (GCK), hematopoietic progenitor kinase 1 (HPK1), HPK1/GCK-like kinase (HGK), Nck interacting kinase (NIK), GCK-like kinase (GLK), and the kinase homologous to SPS1/ST20 (KHS) (11, 15, 36, 50, 58, 65) . Novel upstream activators of the JNK signaling cascade are still emerging. Some of the upstream activators not only participate in the JNK signaling cascade but may also mediate other MAPK signaling cascades such as the ERK and p38-MAPK cascades.
HPK1, a mammalian Ste20-related protein kinase, was recently cloned (15, 17) . HPK1 is predominantly expressed in hematopoietic organs and cells, suggesting that it plays an important role in regulating the JNK signaling cascade in blood cells. It has been demonstrated that transient expression of HPK1 activates JNK via the signaling pathway MEKK13 SEK13JNK but does not stimulate the Erk or p38 signaling pathways (15, 17) . Data from our laboratory also indicate that TAK1, like MEKK1, is a downstream effector for HPK1-induced JNK activation (60) . HPK1 is a component in a scaffold complex formed by JNK interacting protein-1 (JIP-1) with other components, including MLK3, MKK7, and JNK (61) . Unlike Ste20 and PAK, HPK1 does not interact with the small GTPases Rac1 and Cdc42. Thus, the extracellular stimuli and upstream regulators of HPK1 are still unknown. To further characterize the HPK1-mediated JNK signaling pathway, we focused on identifying HPK1-interacting proteins. HPK1, a serine-threonine protein kinase, contains a Ste20-like kinase domain in the N terminus, four proline-rich motifs in the middle region, and a distal C-terminal regulatory domain like those of NIK, GLK, and GCK (50) . It is known that prolinerich motifs interact with Src-homology 3 (SH3) domains (7, 35, 66) . Thus, the four proline-rich motifs of HPK1 are potential binding sites for SH3 domain-containing proteins. In comparing the proline-rich motifs of HPK1 with several SH3 domainbinding consensus motifs recognized by known SH3 domaincontaining proteins (48), we found that some of the HPK1 proline-rich motifs match the Crk and Grb2 N-SH3-binding consensus motifs. Therefore, SH2/SH3 adapter proteins, such as Crk, CrkL, Grb2, and Nck, are potential HPK1-interacting proteins.
SH2/SH3 adapter proteins are known to mediate the formation of multiprotein complexes that allow signals to transmit to downstream effectors that may regulate various cellular responses (7, 35, 65) . The Crk proteins, originally identified as cellular homologues of the v-Crk oncogene product, are SH2 and SH3 domain-containing adapter proteins (13a, 26, 27) . SH2 domains recognize a phosphorylated tyrosine residue within a certain sequence context, while SH3 domains recognize certain proline-rich motifs with a specific helical structure (7, 35, 65) . Two forms of the c-Crk protein, Crk-I and Crk-II, result from alternative RNA splicing. Crk-I consists of one SH2 domain and one SH3 domain, and the longer Crk-II consists of one SH2 domain and two tandem SH3 domains (25, 37) . CrkL, cloned from chronic myelogenous leukemia cells, has 60% overall homology to Crk-II (55). The biological roles of the Crk proteins are unclear. Previous findings indicate that the overexpression of v-Crk or Crk-I induces the morphologic transformation of fibroblasts but that Crk-II does not (25, 37) . Transient expression of v-Crk induces JNK activation in 293T cells through C3G, a guanine nucleotide exchange protein for Rap1 (53) . CrkL has also been shown to activate the Ras and JNK signaling pathways in cells (44) . To further define the Crk-and CrkL-mediated signaling pathways, we investigated whether Crk and CrkL transmit upstream signals to HPK1. Here we report that HPK1 bound the SH2/SH3 adaptor proteins Crk and CrkL, which acted as upstream regulators to couple signals to the HPK1-mediated JNK signaling cascade.
MATERIALS AND METHODS
Plasmids. pCIneo-FLAG-tagged vectors of wild-type HPK1 and various HPK1 mutants, including a kinase-dead mutant (HPK1-M46) made by substituting lysine 46 with methionine, the HPK1 kinase domain alone (HPK1-KD; amino acids 1 to 291), and the HPK1 carboxyl domain alone (HPK1-CD; amino acids 292 to 833) were described previously as pCI-HPK1, pCI-HPK1-M46, pCI-HPK1-KD, and pCI-HPK1-CD, respectively (15) . pCR3.1-HA-tagged vectors of HPK1 mutants, including the HPK1 proline-rich region (HPK1-PR; amino acids 288 to 482), the HPK1 distal regulatory region (HPK1-DR; amino acids 484 to 833), and the kinase domain of HPK1-M46 [HPK1-KD(M46); amino acids 1 to 291], were generated by amplifying the indicated regions by PCR. The PCR products were then cloned into pCR3.1 vector (Invitrogen) by the TA cloning method. Hemagglutin (HA)-tagged JNK was described previously (11) . pUna3-FL-MEKK-KR, pEF-TAK1-K63W, and pEBG-SEK1-AL were the dominant-negative mutant constructs as described previously (15, 17, 60) . pEBB-Crk-II and pEBB-Crk-II-R38K (51) were generously provided by B. J. Mayer (The Children's Hospital, Harvard Medical School, Boston, Mass.). pSR␣MSVtkNeo retrovirus vector containing CrkL cDNA (44) was kindly provided by C. L. Sawyers (University of California, Los Angeles, Los Angeles, Calif.). GST-Crk and GST-CrkL were described previously (13, 18) . GST-Grb2, GST-Nck, and GST-p85 SH3 domain (50) were kindly provided by E. Y. Skolnik (New York University Medical Center, New York, N.Y.). GST-c-Jun (1-79) and GST-Rac1 were described previously (15, 17) .
Cell culture and transfections. 293T and COS-1 cells were gifts from M. C.-T. Hu (Amgen, Inc., Thousand Oaks, Calif.) and L.-Y. Yu-Lee (Baylor College of Medicine, Houston, TX), respectively. Both 293T and COS-1 cells were grown in Dulbecco modified Eagle's medium with 10% fetal bovine serum (FBS). 293T cells (2 ϫ 10 5 cells per well) were plated in a six-well plate the day before transfection. Transfections were then performed by the calcium phosphate precipitation protocol (Specialty Media, Inc.) with various plasmids as indicated in the figures. After 40 h, the cells were harvested and lysed in lysis buffer (150 mM NaCl; 20 mM HEPES, pH 7.4; 2 mM EGTA; 50 mM ␤-glycerophosophate; 1% Triton X-100; 10% glycerol; 500 M phenylmethylsulfonyl fluoride [PMSF], 5 g of leupeptin per ml, 3 g of aprotinin per ml). COS-1 cells were transfected by the same method with various plasmids as indicated. Jurkat T cells were maintained in RPMI 1460 medium supplemented with 10% FBS. The cells were then lysed in lysis buffer as described above. Cell lysates were utilized for binding assays and kinase assays.
Antibodies, immunoprecipitation, and immunoblot analysis. Anti-HPK1 antibodies were generated against the HPK1 peptide (amino acids 341 to 366). Other antibodies include anti-HA monoclonal antibodies (12CA5; Boehringer Mannheim); anti-FLAG monoclonal antibodies (M2; Kodak); anti-Crk, antiCrkL, and anti-EGF receptor antibodies (Santa Cruz Biotechnology). Immunoprecipitation and Western blot analysis were performed as described previously (15) . Anti-HPK1 and anti-HA immunocomplexes were recovered by using protein-A beads (Sigma). Anti-FLAG immunocomplexes were recovered by using protein-G beads (Santa Cruz Biotechnology).
Preparation of GST fusion proteins. The various GST fusion proteins were prepared according to manufacturer's instructions (Pharmarcia Biotech, Inc.). Briefly, bacterial cultures were grown in 2ϫ YT-G medium (16 mg of tryptone per ml, 10 mg of yeast extract per ml, 85.56 mM NaCl, 2% glucose, and 100 g of ampicillin per ml) to an A 600 of 0.6 to 0.8 at 30°C. IPTG (isopropyl-␤-Dthiogalactopyranoside; 5 mM) was added to the cultures for 3 h to induce the expression of fusion proteins. The cells were harvested and sonicated in bacterial lysis buffer (10 mM phosphate, 30 mM NaCl, 0.25% Tween 20, 10 mM ␤-mercaptoethanol, 10 mM EDTA, 500 M PMSF, 5 g of leupeptin per ml, 3 g of aprotinin per ml). Cell lysates were centrifuged at 12,000 ϫ g for 30 min. The fusion proteins were purified by using glutathione-Sepharose beads.
Preparation of in vitro-translated proteins. Plasmids indicated in the figures were utilized to synthesize [
35 S]methionine-labeled proteins by an in vitro transcription and translation method according to the manufacturer's instructions (Promega Biotech, Inc.). Plasmids (1 g/reaction) were added to a reaction mixture, including 25 l of rabbit reticulocyte lysate, 2 l of reaction buffer, 1 l of T7 RNA polymerase, 1 l of amino acid mixture minus methionine (1 mM), 4 l of [
35 S]methionine (10 mCi/ml), ribonuclease inhibitor (40 U/l), and nuclease-free H 2 O to a final volume of 50 l. The reactions were incubated at 30°C for 90 min. The in vitro-translated proteins were then used for in vitro binding assays. The interactions of in vitro-translated proteins with GST fusion proteins were directly examined by autoradiography.
In vitro binding assay and competition binding assay. The various GST fusion proteins were generated as described above and were coupled to glutathioneSepharose beads. Jurkat T-cell lysates or in vitro-translated proteins were incubated with the various GST fusion proteins in 500 l of lysis buffer for 1 to 2 h at 4°C. Interacting complexes were washed three times with radioimmunoprecipitation assay buffer (25 mM Tris, pH 7.5; 150 mM NaCl, 1 mM EDTA, 0.5% deoxycholate, 1% Nonidet P-40, 500 M PMSF, 5 g of leupeptin per ml, 3 g of aprotinin per ml) and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The interaction of HPK1 with specific GST fusion proteins was analyzed by immunoblotting with an anti-HPK1 antibody. Four wild-type HPK1 proline-rich peptides and two mutant peptides of HPK1 second proline-rich motif were synthesized and utilized for competition binding assays (see Fig. 3A ). To test the ability of individual HPK1 proline-rich peptides to block the interaction of HPK1 with adaptor proteins, [ 35 S]methionine-labeled HPK1-CD was incubated with immobilized GST fusion proteins in the presence of wild-type or mutant HPK1 proline-rich peptides (1 mM) in 200 l of lysis buffer for 1 to 2 h at 42°C. After an extensive washing, the bound [
35 S]methionine-labeled HPK1-CD was examined by autoradiography.
Immunocomplex kinase assay. Assays for JNK activity were performed as described previously (15) . In brief, HA-tagged JNK1 from 50 g of transfected 293T cell lysates was immunoprecipitated by using an anti-HA monoclonal antibody and protein A-agarose beads in 500 l of lysis buffer. After being washed twice with lysis buffer, twice with LiCl buffer (500 mM LiCl; 100 mM Tris-Cl, pH 7.6; 0.1% Triton X-100), and twice with kinase buffer (20 mM MOPS [morpholine propanesulfonic acid], pH 7.2; 2 mM EGTA; 10 mM MgCl 2 ; 0.1% Triton X-100), the immunoprecipitates were incubated with 30 l of kinase buffer containing 2 g of GST-c-Jun (1-79), 20 M unlabeled ATP, and 20 Ci of [␥-
32 P]ATP. The reactions were incubated at 30°C for 30 min and terminated by boiling the samples in 6ϫ loading buffer, and the final products were resolved by SDS-PAGE (15%). HPK1 activity was measured like the assay for JNK activity. Jurkat cells and 293T cells transiently expressing HPK1 were immunoprecipitated by using an anti-HPK1 antibody or an anti-FLAG monoclonal antibody, and kinase assays were performed with myelin basic protein (MBP), GST-Crk, or GST-CrkL as a substrate where indicated.
Phosphoamino acid analysis. The phosphorylated proteins obtained from the immunocomplex assays were resolved by SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The spots containing phosphorylated proteins were excised and hydrolyzed in 6 N HCl for 1 h at 110°C. The supernatants were lyophilized and then dissolved in 10 l of pH 2.5 buffer (5.9% glacial acetic acid, 0.8% formic acid, 0.3% pyridine, 0.3 mM EDTA). The phosphoamino acids were resolved in one dimension with a thin-layer plate in pH 2.5 buffer at 20 mA for 90 min. The phosphoamino acid residues were detected by autoradiography.
CAT assay. Plasmids were mixed with 6 l of DMRIE-C lipid transfection reagent (GIBCO-BRL) in 1 ml of Opti-Mem I (GIBCO-BRL) for 45 min at room temperature. Jurkat T antigen cells (2 ϫ 10 6 ) were added to the mixture and incubated at 37°C. After 5 h, 2 ml of RPMI with 15% FBS was added to the cells. At 34 h after the RPMI was added, cells were stimulated for 8 h with phytohemagglutinin (PHA; 1 g/ml), phorbol myristate acetate (PMA; 10 ng/ ml), and ionomycin (1 M). The cells were collected, washed twice in phosphatebuffered saline, suspended 250 l of TE buffer (250 mM Tris-HCl, 5 mM EDTA), and lysed by three freeze-thaw cycles. Chloramphenicol acetyltransferase (CAT) assays were performed as described previously (19) .
RESULTS

HPK1 interacts with Crk and CrkL adapter proteins in vitro and in vivo.
To identify HPK1-interacting proteins, we utilized an in vitro binding assay to test several SH3 domain-containing proteins, including Grb2, Nck, Crk, CrkL, and the p85 SH3 domain of PI3 kinase, as well as the small GTPase Rac1 as a non-SH3 containing control protein. Jurkat T-cell lysates containing endogenous HPK1 were incubated with the various GST fusion proteins described above. Association of HPK1 with specific GST fusion proteins was determined by immunoblotting with an anti-HPK1 antibody. We found that the GST adapter proteins GST-Grb2, GST-Nck, GST-Crk, and GSTCrkL associated with HPK1, whereas GST alone, the GST-p85 SH3 domain, and GST-Rac1 did not pull down any detectable amounts of HPK1 (Fig. 1A) . Recently, Grb2 and Nck were shown to link tyrosine kinases to HPK1 (1). However, the Crk C-SH3 domain alone does not interact with HPK1 (1). Our results here support this previous finding that HPK1 bound Grb2 and Nck (1) and also demonstrate the interaction of HPK1 with the full-length Crk and CrkL in vitro. Next, we determined whether HPK1 could associate with Crk and CrkL in mammalian cells. FLAG-tagged HPK1 was cotransfected with Crk or CrkL into COS-1 cells. Anti-HPK1 immunoprecipitates from the transfected COS-1 cells showed the association with Crk and CrkL, respectively (Fig. 1B) , indicating that HPK1 formed complexes with Crk and CrkL in vivo. Since Crk is known to recognize the activated EGF receptor through its SH2 domain (2, 22), we further examined whether Crk and CrkL could recruit HPK1 to EGF receptor upon EGF stimulation. We found that HPK1 associated with EGF receptor upon EGF stimulation. Transient expression of HPK1 with Crk and CrkL strongly enhanced the association of HPK1 with EGF receptor in response to EGF (Fig. 1C) , suggesting that the Crk proteins play a role in the recruitment of HPK1 to the EGF receptor.
The HPK1 proline-rich region is responsible for the HPK1 interaction with Crk and CrkL. To determine the region(s) of HPK1 responsible for its interaction with Crk and CrkL, a variety of [ 35 S]methionine-labeled HPK1 proteins ( Fig. 2A) , including wild-type HPK1, a kinase-dead mutant (HPK1-M46), the HPK1 kinase domain (HPK1-KD), the HPK1 carboxyl domain (HPK1-CD), the HPK1 proline-rich region (HPK1-PR), and the HPK1 distal region (HPK1-DR), were generated by an in vitro transcription and translation method. The in vitro-translated products were examined by immunoprecipitation prior to the binding assay (Fig. 2B) . Results showed that full-length HPK1, HPK1-M46, and the HPK1 carboxyl domain (HPK1-CD) bound Crk and CrkL (Fig. 2C) . The HPK1 proline-rich region (HPK1-PR) alone was sufficient for binding to Crk and CrkL, whereas the HPK1 kinase domain (HPK1-KD) and the HPK1 distal region (HPK1-DR), which lack proline-rich motifs, did not bind Crk or CrkL. These data reveal that the HPK1 proline-rich region, which contains four proline-rich motifs, mediates the interaction of HPK1 with Crk and CrkL.
The HPK1 proline-rich motifs mediate the differential interaction of HPK1 with the Crk proteins and Grb2. Signaling molecules such as c-Abl and C3G, a guanine nucleotide exchange factor for the small GTPase Rap1, recognize the Crk N-SH3 domain via their proline-rich motifs (12, 38, 52) . Comparison of the Crk N-SH3-binding consensus motif (-P-x-L-Px-K-) with the four proline-rich motifs of HPK1 revealed that the second and fourth proline-rich motifs of HPK1 contain the consensus motif necessary for recognition by the Crk N-SH3 domain (Fig. 3B) . Therefore, we investigated whether the individual HPK1 proline-rich motifs are involved in the interaction of HPK1 with Crk and CrkL. Four wild-type HPK1 proline-rich peptides, termed PR1, PR2, PR3, and PR4, and two mutant peptides of the second proline-rich motif, PR2(P398, (15 g) and CrkL (15 g) were transfected into COS-1 cells (100-mm culture dish) in combination with FLAG-tagged HPK1 (10 g) or pCI-neo vector (10 g). Cell lysates were immunoprecipitated with anti-FLAG monoclonal antibodies and then separated by SDS-PAGE (10%). Coprecipitated Crk and CrkL were examined by immunoblotting with anti-Crk and anti-CrkL antibodies, respectively. Crk-and CrkL-transfected 293T cell lysates were included as positive controls for immunoblotting. (C) Transfections were performed as described in Fig. 1B . Transfected cells were treated with serum deprivation or EGF as indicated. Cell lysates were immunoprecipitated by using anti-FLAG monoclonal antibodies and immunoblotted by using an anti-EGF receptor antibody. 399A) and PR2(K400L), were synthesized for this study (Fig.  3A) . Competition binding assays were performed by adding individual HPK1 proline-rich peptides to Crk-HPK1-CD and CrkL-HPK1-CD complexes to test whether the proline-rich peptides could block the interaction of HPK1-CD with Crk and CrkL. The HPK1 second (PR2) and fourth (PR4) proline-rich peptides, which contain the Crk N-SH3-binding consensus motif (-P-x-L-P-x-K-), blocked the interaction of HPK1-CD with Crk and CrkL (Fig. 4A) , suggesting that both the second and fourth proline-rich motifs may be involved in the recognition of Crk and CrkL by HPK1. Since the fourth proline-rich motif is not conserved between human and mouse HPK1 (15, 17) , it is unlikely to play an essential role.
Because the HPK1 first, second, and fourth proline-rich motifs also match the Grb2 N-SH3-binding consensus motif (-P-x-x-P-x-R/K-) (Fig. 3C) , we examined the ability of HPK1 proline-rich peptides to block the formation of Grb2/ HPK1-CD complexes. The first and second proline-rich peptides efficiently blocked the interaction of HPK1-CD with Grb2 (Fig. 4B) ; however, the fourth proline-rich peptide had at best a marginal blocking effect on the Grb2-HPK1-CD complex. Thus, the HPK1 proline-rich peptides showed the differential blocking effects on the Crk-HPK1-CD complex and the Grb2-HPK1-CD complex. To ensure that the typical -P-x-L-P-x-Kmotif is required for the recognition of the Crk N-SH3 domain, two mutant HPK1 second proline-rich peptides PR2(P398, 399A) and PR2(K400L) were analyzed in competition binding assays. PR2(P398, 399A) was designed to disrupt the typical -P-x-L-P-x-K-motif by changing proline residues at positions 398 and 399 to alanine, and PR2(K400L) was designed by switching the critical lysine residue at position 400 to leucine. Both PR2(P398, 399A) and PR2(K400L) failed to block the interaction of HPK1-CD with Crk and CrkL, while the same concentration of the wild-type PR2 peptide effectively blocked these interactions (Fig. 4C) . A similar result was also observed in the case of the Grb2-HPK1-CD complex (Fig. 4C) . Thus, the blocking effect of HPK1 proline-rich peptides is highly selective and is not due to nonspecific interference or the large amount of peptides used in these reactions. Together, our results indicate that the proline-rich motifs within HPK1 are not only critical for the recognition of SH2/SH3 adapter proteins but may also be implicated in the differential binding of HPK1 to these adapter proteins or other SH3 domain-containing proteins.
Crk and CrkL activate HPK1 and synergize with HPK1 in the activation of JNK. After determining that HPK1 interacted with Crk and CrkL, we addressed the functional relevance of these interactions. We first investigated whether Crk and CrkL could regulate HPK1 activity. Immunocomplex kinase assays were performed to determine HPK1 activity on 293T cells transfected with HPK1 alone or in the presence of various constructs, including Crk and CrkL. We found that Crk and CrkL activated HPK1 in 293T cells (Fig. 5A) , indicating that the Crk proteins not only physically associate with HPK1 but also regulate HPK1 activity. Since HPK1 and the Crk proteins are upstream activators of JNK, we examined whether Crk and CrkL could affect HPK1-induced JNK activation. Transient expression of HPK1, Crk, or CrkL alone induced a 4-to 5-fold JNK activation in 293T cells, whereas HPK1, in the presence of Crk or CrkL, significantly induced JNK activation 15-fold over the basal activity (Fig. 5B) , suggesting that the Crk proteins cooperate with HPK1 to activate JNK synergistically. Based on these observations, it is likely that the Crk proteins and HPK1 are located in the same JNK signaling cascade.
The HPK1 proline-rich region mutant and dominant-negative mutants of MEKK1, TAK, and SEK1 inhibit JNK activation by the Crk proteins. To determine whether Crk and CrkL act as upstream regulators of HPK1 in the JNK signaling cascade, we tested whether the HPK1 mutants had an effect on JNK activation by the Crk proteins. We observed that HPK1-PR, an HPK1 mutant encoding the proline-rich region only, blocked JNK activation by Crk and CrkL (Fig. 6A) . Meanwhile, we tested if the dominant-negative mutants of HPK1 downstream effectors, including MEKK1-KR, TAK1-K63W, and SEK1-AL, could block Crk-induced JNK activation. We found that these mutants blocked HPK1-induced JNK activation as shown previously (15, 60) and also inhibited Crk-induced JNK activation effectively, suggesting that Crk and HPK1 shared common downstream effectors for JNK activation (Fig. 6B) . The results from the binding assays and kinase assays indicate that the Crk proteins function as upstream regulators of the HPK1-mediated JNK signaling cascade. The same assays were utilized to examine the blocking effect of HPK1 proline-rich peptides on the Grb2-HPK1-CD complex. (C) The HPK1 second proline-rich peptide and its two mutants, PR2(P398, 399A) and PR2(K400L), were examined for their ability to block the interaction of HPK1-CD with Crk, CrkL, or Grb2.
Inhibition of IL-2 induction by the HPK1 and Crk mutants.
HPK1 is an upstream activator of the transcription factor AP1, which is involved in IL-2 induction, and is expressed predominantly in hematopoietic cells. Thus, we examined whether HPK1 played a role in IL-2 induction in T cells. To that end, we conducted CAT reporter assays to determine the effect of different HPK1 mutants on IL-2 promoter activation. Jurkat T cells were transfected with an IL-2-CAT reporter in the presence of an empty vector or various HPK1 mutants, and then the transfected cells were stimulated with T-cell stimuli (PHA plus PMA and ionomycin). Our result indicated that HPK1-KD(M46), an HPK1 mutant encoding the kinase-dead domain of HPK1-M46, and HPK1-PR inhibited IL-2 induction in Jurkat T cells (Fig. 7) . Since Crk potentially acts as an upstream regulator of HPK1, we also examined the effect of a Crk SH2 domain mutant (Crk-R38K) on IL-2 induction. We found that Crk-R38K, which is unable to bind tyrosine-phosphorylated proteins, also blocked IL-2 induction (Fig. 7) . This result indicates that the HPK1 signaling may be involved in the regulation of IL-2 promoter after T-cell stimulation.
HPK1 phosphorylates Crk and CrkL mainly on serine and threonine residues in vitro. Previous studies have shown that c-Abl bound the N-SH3 domain of Crk and phosphorylated Crk on tyrosine 221 (Y221) (12) and that CrkL was associated with BCR-Abl and was tyrosine-phosphorylated in BCR-Ablexpressing cells (32, 34, 54) . Because HPK1, like c-Abl, recognized the Crk N-SH3 domain, we examined whether HPK1 could phosphorylate Crk and CrkL. Immunocomplex kinase assays were used to test HPK1 phosphorylation of Crk and CrkL. We first observed that both GST-Crk and GST-CrkL, but not GST alone, were phosphorylated by anti-HPK1 immunoprecipitates from Jurkat T-cell lysates (data not shown), suggesting that Crk and CrkL are substrates for HPK1. We further demonstrated that Crk and CrkL were phosphorylated by anti-HPK1 immunoprecipitates from 293T cells transfected with HPK1 but not with HPK1-M46, indicating that the HPK1 phosphorylation of Crk and CrkL is highly specific (Fig. 8A) . Consequently, we were interested in determining the phosphorylated residues on the Crk and CrkL by phosphoamino acid analysis. HPK1 phosphorylated MBP on serine and threonine residues (Fig. 8B) as shown in previous work (15) . We 293T cells were transfected with HA-JNK1 alone or in combination with 3 g each of the indicated constructs. JNK activity was then measured by immunocomplex kinase assay as described previously (Fig. 5B). (B) The mutants of HPK1 downstream effectors, including MEKK1-KR, TAK1-K63W, and SEK1-AL, were used to block JNK activation induced by HPK1 and Crk. 293T cells were transfected with HA-JNK1 alone or with various combinations of plasmids as indicated. Similar transfections and kinase assays were performed to determine the JNK activity.
next found that HPK1 phosphorylated Crk mainly on threonine and weakly on serine and tyrosine, whereas HPK1 phosphorylated CrkL mainly on serine and weakly on threonine and tyrosine (Fig. 8B) . This is the first evidence that the Crk proteins are phosphorylated by a protein kinase on serine and threonine residues. The tyrosine phosphorylation of the Crk proteins is most likely induced by an HPK1-associated tyrosine kinase (e.g., c-Abl) rather than by HPK1 itself. More studies are needed to determine both the HPK1 phosphorylation sites on Crk and CrkL and the functional significance of these phosphorylations.
DISCUSSION
We have investigated the potential interaction of HPK1 with several SH2/SH3 adapter proteins, including Grb2, Nck, Crk, and CrkL. Here we provide evidence from binding assays and kinase assays to demonstrate the functional interaction of HPK1 with Crk and CrkL. We showed that fusion proteins GST-Crk and GST-CrkL pulled down HPK1 from Jurkat Tcell lysates and that HPK1 formed complexes with Crk and CrkL in mammalian cells. Also, the Crk proteins enhanced the recruitment of HPK1 to the EGF receptor, supporting the previous report that SH2/SH3 adapter proteins link surface receptors to HPK1 (1) . Although the expression of HPK1 is mainly restricted to hematopoietic cells, SH2/SH3 adapter proteins such as Grb2, Crk, and CrkL are ubiquitously expressed in a wide range of tissues and cells, including T cells, B cells, hematopoietic progenitor cells, and other cells (25, 37) . Based on the previous evidence and our own data, we speculate that HPK1 may form complexes with Crk and CrkL in hematopoietic cells constitutively or upon extracellular stimulation. The proline-rich motifs of HPK1 mediated the complex formation between HPK1 and various SH2/SH3 adapter proteins (Fig. 4) . Particularly, the second proline-rich motif containing the Crk N-SH3-binding consensus sequence (-P-x-L-P-x-K-) was critical for the binding of HPK1 to Crk and CrkL, whereas the first and second proline-rich motifs containing the Grb2 N-SH3-binding consensus sequence (-P-x-x-P-x-R/K-) were implicated in the binding of HPK1 to Grb2. The third proline-rich motif did not play a role in the interaction of HPK1 with the SH2/ SH3 adapter proteins tested; however, it may be involved in the association of HPK1 with other SH3 domain-containing proteins. Since the fourth proline-rich motif is not conserved between human and mouse HPK1, it may not play a critical functional role for HPK1. Consistent with previous findings (18) , our data showed that lysine-400 in the HPK1 second proline-rich motif is critical for the recognition of Crk and CrkL by HPK1 (Fig. 4C) .
SH2/SH3 adapter proteins, which themselves have no enzymatic activity, are signaling modulators to form multiple protein complexes selectively and thereby to transmit upstream signals to downstream targets. SH2/SH3 adapter proteins usually localize close to the cell membrane, and some are even directly associated with surface receptors or the cytoskeleton (24) . For instance, Grb2 and Crk are recruited to activated EGF receptors via their SH2 domains (2) . Crk is also recruited indirectly to the nerve growth factor receptor through Shc (23) and to integrin through Paxillin, a constituent of focal adhesions (5, 42) . Thus, SH2/SH3 adapter proteins play their roles in the very upstream or initial events during signal transduction. According to the features of adapter proteins and our data, it is likely that the differential interaction of HPK1 with various SH2/SH3 adapter proteins provides a mechanism for HPK1 to integrate different upstream signals to the JNK signaling cascade. A similar phenomenon may occur in other mammalian Ste20-related MAPKKKKs containing the proline-rich motifs, such as NIK, GLK, and KHS. It will be of interest to dissect the HPK1-mediated JNK signaling pathways by using specific HPK1 proline-rich motif mutants and the related adapter mutants. This approach will be useful in char- Through kinase assays, we have shown that the Crk proteins directly activated HPK1 and also cooperated with HPK1 to activate JNK synergistically (Fig. 5) . These results indicated that the Crk proteins not only physically interacted with HPK1 but also functionally regulated HPK1-mediated JNK activation. A previous study demonstrated that C3G, a Crk-interacting protein, mediates the downstream signaling of v-Crk-induced JNK activation (53) . Like C3G, HPK1 bound Crk via recognition of the Crk N-SH3 domain (Fig. 3B) , suggesting that HPK1 and C3G may be at the same level of the parallel Crk-mediated JNK signaling pathways. We further demonstrated that expression of HPK1-PR, the region responsible for binding to Crk and CrkL, blocked JNK activation by Crk and CrkL and that the downstream effectors of HPK1, such as MEKK1, TAK1, and SEK1, were also involved in Crk-induced JNK activation (Fig. 6) . Although it is possible that the overexpression of HPK1-PR may compete with endogenous C3G for Crk binding, the evidence from the kinase assays ( Fig. 5  and 6 ) strongly suggests that HPK1 is one of the Crk downstream effectors for the Crk-mediated signaling pathways. Therefore, we propose the model for the HPK1-mediated JNK signaling cascade shown in Fig. 9 . HPK1 receives the upstream signals through its differential interaction with various SH2/ SH3 adapter proteins and subsequently transmits these signals to downstream targets (MEKK1 and TAK1) via its kinase domain or distal regulatory region. Afterwards, the signals are transmitted to a target further downstream (SEK1), thereby leading to JNK activation. Although HPK1 was shown to associate EGF receptor in transfected COS-1 cells, the surface receptors, which recruit the Crk-HPK1 and CrkL-HPK1 complexes in hematopoietic cells, are yet to be determined. By identifying the surface receptors that activate HPK1, we may elucidate the entire HPK1-mediated JNK signaling cascade from the cell membrane to the nucleus.
Optimal IL-2 induction, a central event of T-cell activation, requires two major signals triggered by costimulation of the T-cell receptor (TCR) and CD28 or mimicked by incubating T cells with phorbol ester (i.e., PMA) and Ca 2ϩ ionophore (8, 43) . Early studies have indicated that AP1 binds the IL-2 promoter (31, 46) and forms a complex with NF-AT to induce IL-2 activation (33, 59) . Another study also showed that JNK is involved in the integration of the costimulatory signals CD3 plus CD28 or PMA plus Ca 2ϩ ionophore in T cells (49) . However, the response of JNK to Ca 2ϩ ionophore is T cell specific, suggesting that a cell type-specific component plays a role in this event (49) . As a hematopoietic upstream activator of JNK and AP1, HPK1 may be involved in IL-2 induction in T cells. By CAT reporter assays, we found that the HPK1 mutants, HPK1-KD(M46) and HPK1-PR, blocked IL-2 activation by T-cell stimuli (PHA, PMA, and ionomycin) in Jurkat T cells (Fig. 7) . Inhibition of IL-2 induction by HPK1-PR may be due to the interruption of upstream signals mediated by the SH2/ SH3 adapter proteins. The SH2/SH3 adapter proteins, Crk and Grb2, are known to form distinct signaling complexes during TCR stimulation (3, 4, 21, 41) , suggesting that these adapter proteins are involved in the TCR signaling pathway. Grb2 is also shown to couple upstream tyrosine kinases such as v-Src to HPK1 (1) . In addition, we also found that Crk-R38K, a Crk SH2 domain mutant, blocked IL-2 induction. These observations further support the idea that HPK1-PR may block the transmission of upstream signals to the IL-2 promoter. The mechanism by which HPK1-KD(M46) inhibits of IL-2 induction is unclear. One possible explanation is that HPK1-KD(M46) may compete with wild-type HPK1 for the binding of the downstream targets (MAPKKKs), which are essential for JNK and AP1 activation. More studies are needed to define the role of HPK1 in IL-2 activation. Future studies will examine whether T-cell costimulatory signals, TCR plus CD28 or PMA plus Ca 2ϩ ionophore, can activate HPK1. The phosphorylation of Crk and CrkL by HPK1 further supported the notion that HPK1 bound Crk and CrkL. Interestingly, our data from phosphoamino acid analysis revealed that Crk and CrkL were phosphorylated mainly on serine and threonine (Fig. 8B) . We noticed that phosphorylated Crk and CrkL also contained some phosphotyrosine residues. Since HPK1 is a serine-threonine kinase, HPK1 is unlikely responsible for this tyrosine phosphorylation. The c-Abl tyrosine kinase was previously shown to bind the HPK1 proline-rich motifs via its SH3 domain (17) . Thus, these tyrosine phosphorylations are most likely due to the coimmunoprecipitation of c-Abl with HPK1. Previous evidence indicated that c-Abl binds the Crk N-SH3 domain and phosphorylates Crk on tyrosine 221 (Y221). This phosphorylated Y221 then provides a binding site for the Crk SH2 domain to form an intramolecular interaction resulting in an uncomplexed Crk molecule (12) . Similarly, tyrosine residue 207 (Y207) in CrkL has been identified to function as a negative regulatory site (45) . Although HPK1 is unlikely to phosphorylate Crk and CrkL on Y221 and Y207, serine and threonine phosphorylation of the Crk proteins by HPK1 might still play a role in the feedback regulation of the Crk proteins. Future studies will focus on determining the phosphorylation sites of Crk and CrkL induced by HPK1 and the functional significance of these phosphorylations. These studies will provide critical insights for understanding the Crkand CrkL-mediated cellular responses. It will be also interesting to investigate whether HPK1, like c-Abl and C3G, plays a role in cell transformation induced by the Crk proteins. 
